We evaluated the neurotrophic activity of dietary polyphenols by using primary cultures of fetal rat hippocampal neurons in a serum-free medium. Among the tested compounds, chlorogenic acid and its metabolite, m-coumaric acid, together with catechins and flavanone, were found to promote neuronal differentiation comparable to the phytochemical, honokiol, which has been reported to show potent neurotrophic activity. The present findings may contribute to the development of further neurotrophic studies on dietary polyphenols and their metabolites.
Dietary polyphenols constitute the most abundant antioxidants in foods and beverages. 1) A high consumption of polyphenols has been associated with a reduction in the risk of chronic ailments such as coronary heart disease and cancer in various prospective studies. 2) Chlorogenic acid is the main polyphenolic component in many fruits and beverages, particularly in coffee, and exerts inhibitory actions on lipid hyperoxidation and antitumor activity, in addition to antioxidant activities associated with free radical scavenging ability.
3) Although chlorogenic acid has various physiological actions, its in vivo absorption remains controversial. We have previously reported that the urinary excretion of chlorogenic acid and its in vivo metabolites such as caffeic and m-coumaric acids after coffee ingestion was significantly higher than that of the control group in a human study, 4) and identified nine metabolites from rat urine samples after the oral administration of chlorogenic acid. 5) These data suggested that chlorogenic acid or its metabolites were likely to participate as biologically active principles after consumption. Concerning the actions of chlorogenic acid on the central nervous system, an experiment involving electrical stimulation in rats has demonstrated its slight caffeinelike action, 6) whereas another study presented data contrary to this; 7) thus, consensus regarding the actions of chlorogenic acid on the central nervous system has not yet been reached. However, we have previously indicated that chlorogenic acid and its in vivo metabolite, m-coumaric acid, increased spontaneous locomotor activity in mice. 5) This implies that chlorogenic acid was metabolized into m-coumaric acid in vivo after its administration, acting on the central nervous system via the blood-brain barrier. In the present study, to investigate the cerebral nerve-stimulating actions of dietary polyphenols, we evaluated the neurite-extending actions of chlorogenic acid and related compounds by using primary culture neurons prepared from the fetal rat hippocampus.
The fetal brain was extirpated from SD rats (Japan Charles River Co., Japan) on day 18 of pregnancy. The hippocampus was removed under a stereoscopic microscope (Olympus SZ-4060), treated with trypsin for 30 min, and centrifuged. The residue was then mixed with a 3-ml dispersion solution and 5-ml remover solution, and centrifuged. Next, the residue was suspended in Dulbecco's modified Eagle's medium (high glucose; Gibco Invitrogen, NY, USA), 10% FCS, penicillin (100 V/ml), and streptomycin (100 mg/ml) in medium, and disseminated into a 24-well polyethylene imine-coated plate (BD Falcon, NJ, USA) at 9000 cells/ cm 2 . After 24 h, the medium was replaced by a Neurobasal medium (Gibco Invitrogen), 2% B-27 (Gibco Invitrogen), 0.2% L-glutamine, penicillin (100 V/ml), and streptomycin (100 mg/ml) in medium. Each test sample was simultaneously added to the medium until the final concentration was 10 mM. In addition, the neurons were cultured in a CO 2 incubator (Sanyo MCO-175) for 3 d, fixed in 4% paraformaldehyde, treated with 0.3% H 2 O 2 to block the endogenous peroxidase activity, y To whom correspondence should be addressed. Fax: +81-86-251-7926; E-mail: hito@cc.okayama-u.ac.jp and then permeabilized with 0.1% triton-X-100, all for 20 min each. In addition, a primary antibody solution Tau (Santa Cruz Biotechnology, CA, USA) diluted 1:500 was added, and the mixed solution was incubated overnight at 4 C. In the presence of a secondary antibody (biotin-labeled anti-goat IgG), it was then incubated at room temperature for 60 min, placed in an ABC kit (Funakoshi, Tokyo, Japan) for 30 min, and stained with 3,3 0 -diaminobenzidine tetrahydrochloride (Sigma, St. Louis, MO, USA). The reaction was stopped by adding PBS. After dehydration, each sample was placed under a cover glass. Using a Lumina Vision 1.5/ MacScope 2.6 (Mitani Co., Tokyo, Japan), we calculated the process length of 100 neurons per glass slide. All the data are expressed as the mean AE SEM. Dunnett's test was performed for a statistical analysis differences at a p-value of <0:05 being considered significant. PC12 cells are differentiated into neuron-like cells in the presence of neurotrophic effectors such as the nerve growth factor, and frequently serve as a nerve differentiation or neuronal process extension model. 8) The oxidative stress in neuronal PC12 cells is protected by chlorogenic and ellagic acids. 9) However, in this study, we cultured the neurons of the hippocampus, which is an important memory center of the brain, added each test sample to these cells, and compared the neuronal process extension to screen for cerebral nerve-stimulating substances. As test compounds, we used dietary polyphenols, including chlorogenic acid, together with their metabolites (Fig. 1) . As positive control substances, we evaluated the main component of Magnolia obovata, honokiol (a biphenyl-type neolignan), which has been reported to exhibit a neurite-extending action as a natural substance, 10) as well as basic fibroblast growth factor (bFGF) 11) which is used as a neurotrophic effector.
The results of neurite extension screening are summarized in Fig. 2 . Most low-molecular-weight phenolic acids such as vanillic and dihydrocaffeic acids, which have been reported to be produced from proanthocyanidins by intestinal microflora, 12) revealed no significant differences in neurite extension in comparison to the control {0.1% dimethysulfoxide (DMSO)}. Other related polyphenols also did not show any promoting effects. However, chlorogenic and m-coumaric acids, which have been shown to have a potent effect in increasing spontaneous locomotor activity in mice, 5) together with catechin, epicatechin, and flavanone, significantly promoted neurite extension in comparison with the control. The mean process length for these compounds was similar to that of honokiol at the same concentration (10 mM). Chlorogenic acid markedly increased the neurite extension compared with the positive control, bFGF ( Fig. 3B and C) . In contrast, 5, 7, 3 0 -trihydroxy-3, 4 0 -dimethoxyflavone markedly inhibited neurite outgrowth. Neurites treated with this methoxyflavone differed morphologically from those of the control (Fig. 3A and D) . Catalpol, an iridoid glucoside, which has been revealed to have potent neurogenic activity toward PC12 cells, 13) demonstrated no significant difference in the neurite extension of fetal rat hippocampal neurons (Fig. 2) . A previous study has reported that both chlorogenic and m-coumaric acids, which were found to cause neurite extension in this present study, increased the spontaneous locomotor activity in mice by acting on the central nervous system. 5) This suggests that chlorogenic acid would act on the central nervous system via the blood-brain barrier in its intact form or as a metabolite. Concerning the bioavailability of chlorogenic acid, many studies have indicated that chlorogenic acid was not absorbed by animals, 14) whereas another study has reported the absorption and high urinary excretion of chlorogenic and m-coumaric acids after coffee consumption by humans.
4) The permeability of dietary flavonoids across the blood-brain barrier has been reported in several in vitro studies. 15) In the present study, the data from an in vitro experiment suggest that chlorogenic and m-coumaric acids stimulated the cerebral nerves. In the future, the blood-brain transfer of chlorogenic acid and its metabolites, particularly m-coumaric acid, after an oral administration of chlorogenic acid should be investigated further. The outcome of this study may contribute to the functional development of dietary polyphenols, and to the prevention and treatment of cerebral nervous disorders such as Alzheimer's disease in our rapidly aging society.
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